Context: Obese Hispanic adolescents (OHAs) with dysglycemia have increased cardiovascular disease risk burden.
Nonalcoholic fatty liver disease (NAFLD), comprising a spectrum of conditions ranging from steatosis to steatohepatitis and cirrhosis, represents the most common cause of chronic liver disease. The prevalence has increased significantly with the current obesity epidemic and is estimated to be between 20% and 30% in the general adult population [1] and~10% in children [2, 3] . The prevalence varies among ethnic groups. In the Dallas Heart Study, fatty liver disease was most common in Hispanics and lowest in African Americans [4] . Also, the prevalence is higher in individuals with type 2 diabetes mellitus (T2DM; 70% to 80%) compared with the general population (~30%) [1, 5] . Hispanic children are disproportionately affected by the obesity epidemic with 38.1% of Hispanic children and adolescents 12 to 19 years of age found to be overweight/obese according to the 2011-2012 National Health and Nutrition Examination data [6] . They are also known to be at high risk for T2DM [7] and NAFLD [2, 8] .
In population studies, NAFLD was found to be independently associated with increased risk of cardiovascular disease (CVD) [9] . In adults with T2DM, elevated liver enzymes were associated with abnormal brachial flow-mediated dilation, independent of whole body insulin sensitivity (IS) and other prognostic factors, suggestive of an increased CVD risk in adults with T2DM and liver disease [10] . In diet controlled adults with T2DM, those with NAFLD (by ultrasound) had greater carotid intima-media thickness (c-IMT) explained by insulin resistance index rather than liver fat [11] . Other studies questioned the added risk related to NAFLD in the setting of diabetes. c-IMT was not found to be higher in individuals with T2DM with vs without NAFLD, but hepatic steatosis was not associated with c-IMT [12] . Another study concluded that hepatic fat may be protective against atherosclerosis in 60-year-old adults with T2DM [13] . In children, increased hepatic fat has been associated with insulin resistance [14] [15] [16] , prediabetes phenotype [17] , higher inflammatory markers [17] , and lower adiponectin [18] . Children with biopsyproven NAFLD have significantly higher fasting insulin, triglycerides, cholesterol, blood pressure, and lower high-density lipoprotein (HDL) compared with obese peers with no NAFLD [19] .
The role of NAFLD as an added risk for subclinical atherosclerosis in obese youth with altered glucose metabolism, beyond the effect of hyperglycemia is not clear. This study aimed to investigate whether the presence of NAFLD has an additive effect on subclinical endothelial dysfunction, an early biomarker of atherosclerosis, in obese Hispanic adolescents (OHAs) with prediabetes and T2DM. We hypothesized that (1) Hispanic youth with dysglycemia and NAFLD have worse endothelial function compared with those without NAFLD and (2) this endothelial dysfunction is related to insulin resistance and inflammation.
Research Design and Methods

A. Study Subjects
Thirty-six overweight/OHAs [body mass index (BMI) .85th percentile, 11 to 19 years of age] with impaired glucose regulation were studied. They were recruited from Texas Children's Diabetes and Hepatology Centers and through advertisement in the community. Sixteen subjects had a diagnosis of T2DM and 20 subjects had prediabetes, including impaired fasting glucose (n = 8), impaired glucose tolerance (IGT; n = 6), or combined impaired fasting glucose and IGT (n = 6) based on 2-hour oral glucose tolerance test (OGTT) results, according to the American Diabetes Association criteria [20] . The criterion for enrollment into the NAFLD category was based on elevated liver transaminases with alanine aminotransferase (ALT) value greater than 40 U/L (approximately 1.5 times the normal value for children) [21] for up to 6 months prior to the study, after exclusion of other causes of liver disease by the treating hepatologist [22] . NAFLD status was confirmed by an elevated hepatic fat fraction (HFF) greater than 5.5% on magnetic resonance spectroscopy (MRS) [17, 18] , performed after enrollment in the study. Non-NAFLD was defined as having liver transaminases less than 40 U/L and HFF less than 5.5% on MRS. Eighteen children in the NAFLD group had elevated transaminases and elevated liver fat. Also classified with NAFLD were three children recruited as controls who had elevated HFF .5.5% despite ALT ,40 U/L, and two additional subjects with significant elevation (.2 standard deviations of upper limit of normal) of ALT levels alone due to unavailable MRS data (data lost secondary to technical error). Of the 36 adolescents, 23 were thus classified as having NAFLD. Puberty was assessed by a pediatric endocrinologist using Tanner staging criteria. All participants were pubertal (Tanner stages III to V) and nonsmokers. Individuals on chronic medications that may affect metabolic function (e.g., steroids, antipsychotics) were excluded. Youth with T2DM had to be in adequate glycemic control (HbA1c less than 8%). The mean duration of T2D was 22.21 6 5.5 months (mean 6 standard error of the mean). Eight youth with T2DM were treated with metformin, five were maintained on insulin 6 metformin, and three were on lifestyle changes, with no difference in diabetes duration or therapy in those with NAFLD vs no NAFLD. Metformin and long acting insulin were discontinued for 24 hours prior to the OGTT/EndoPAT testing and 48 hours prior to the clamp studies, as before [23] . Short acting insulin was used as needed to maintain glycemic control, up to 6 hours prior to the clamp or OGTT. All studies were approved by the Institutional Review Board of Baylor College of Medicine. Informed consent and children's assent were obtained. Clinical characteristics of the study subjects are summarized in Table 1 .
Methods
A. Fasting Blood Measurements
ALT and aspartate aminotransferase (AST), HbA1c, fasting lipid profile [cholesterol, triglycerides, HDL, low-density lipoprotein (LDL)], adiponectin and markers of inflammation including high-sensitivity C-reactive protein (hs-CRP) and biomarkers of endothelial dysfunction including vascular cell adhesion molecule-1 (VCAM-1) and intercellular cell adhesion molecule-1 (ICAM-1) were determined to assess the atherogenic profile.
B. Oral Glucose Tolerance Test
Participants ingested a solution containing 1.75 g/kg body weight, maximum of 75.0 g of dextrose. Blood samples were obtained at 15 minutes before; 0 minutes before; and 15, 30, 60, 90, and 120 minutes after the ingestion to determine plasma glucose and insulin.
C. Body Composition
Body composition was assessed by dual-energy X-ray absorptiometry scan [24] .
D. Abdominal Fat Partition and Hepatic Fat Determination
Intra-abdominal total fat content and the partition into subcutaneous and visceral adipose tissue were assessed using by magnetic resonance imaging scan using a 1.5 Tesla magnet (Philips, Achieva R3.2.1) at Texas Children's Hospital radiology department. Hepatic fat content was measured by proton MRS. We used the single voxel point-resolved spectroscopy [25] technique with a 16-channel SENSE-XL-Torso coil. A voxel (25 3 25 3 25 mm 3 ) was placed avoiding blood vessels and intrahepatic bile ducts with the following parameters (repetition time = 2500 ms, echo time = 31 ms). To achieve adequate signal-to-noise ratio, 64 acquisitions with a measuring time of 160 seconds were acquired without water suppression and averaged for intrahepatic lipid (%) calculation. Spectra were analyzed using a linear combination model [26] . Absolute concentrations of intrahepatic lipid were obtained from areas under curves of lipid at 0.9, 1.3 and 1.6 ppm, using tissue water content as an internal reference. The intrahepatic lipid is calculated using the following equation: Intrahepatic lipid (%) = 100 3 lipid / (water + lipid).
E. Endothelial Function
Changes in pulse wave velocity during reactive hyperemia were measured using peripheral arterial tonometry (PAT; Itamar Medical Ltd). This is a noninvasive technology that captures plethysmographic recording of the finger arterial pulse wave velocity with pneumatic probes inserted on the index fingers of both hands [27] . A reactive hyperemia index (RHI) is calculated as the ratio of the average amplitude of the PAT signal starting 1 minute after cuff deflation divided by the average amplitude of the PAT signal of 3.5-minute period before cuff inflation, normalized to the signal from the contralateral control finger [24] . The augmentation index (AIx) is a measure of arterial stiffness. It is usually a negative number calculated as the difference between the early (P1) and late (P2) systolic peaks of the pulse wave relative to the early peak wave (P2 -P1 / P1) expressed as a percentage [28] , and adjusted to a standard heart rate of 75 beats per minute (AIx-75) [29] . A higher AIx (less negative number) reflects greater arterial stiffness.
E-1. Blood pressure
Blood pressure was measured using an automated sphygmomanometer in the morning of the study. [30] . Arterialized blood samples for glucose, insulin, and isotopic enrichment are obtained before the start of the isotope infusion and every 15 minutes from 60 to 120 minutes. Turnover calculations are made over the last 30 minutes of the isotopic steady state to determine hepatic and adipose tissue IS (see Calculations section).
F. Clamp Studies and In Vivo Insulin Sensitivity
F-2. In vivo insulin sensitivity
Following the baseline isotopic infusion period, a hyperinsulinemic-euglycemic clamp (HEC) was performed [30] to evaluate in vivo insulin action. Intravenous insulin (Humulin; Lilly Indianapolis, IN) was infused at 80 mU/m 2 /min and a variable rate of infusion of 20% dextrose enriched with [6,6-2 H 2 ] glucose based on plasma glucose determinations every 5 minutes was used to maintain plasma glucose clamped at ;100 mg/dL. 15 of the NAFLD and 5 of the non-NAFLD group had a 3.5-hour two-step HEC (low dose insulin 16 mU/m 2 /min for 1.5 hours followed by high dose 80 mU/m 2 /min for 2 hours). For this current analysis, data from the steady state of the high-dose insulin clamp are used for determination of peripheral (muscle) IS. This is possible because steady-state glucose (102.4 6 0.5 vs 102.8 6 0.9 mg/dL), insulin (265.2 6 9.5 vs 252.7 6 12.4 mU/mL) and enrichment of [6,6-2 H 2 ] glucose (3.1 6 0.12% vs 2.9 6 0.13%) were similar at the end of the 80 mU/m 2 /min 3.5-hour two-step clamp to that of the 80 mU/m 2 /min 3-hour HEC. The rate of glucose infusion is determined based on arterialized plasma glucose measurements every 5 minutes. Blood is sampled every 10 to 15 minutes for determination of insulin levels [30] .
F-3. Calculations
Substrate turnover at baseline is calculated during the last 30 minutes of the fasting 2-hour isotopic infusion period according to steady state tracer dilution equations to determine hepatic glucose production and basal rate of lipolysis. Insulin-stimulated glucose rate of disposal (R d ) is calculated during the last 30 minutes of the hyperinsulinemic-euglycemic clamp, as equivalent to the rate of exogenous glucose infusion and expressed per fat free mass (mg/min/kg FFM ). Peripheral skeletal muscle IS was calculated by dividing the R d by the steady-state clamp insulin concentration and expressed per FFM (mg/min/kg FFM per mU/mL). Hepatic IS was calculated as the inverse of the product of hepatic glucose production and the fasting plasma insulin concentration [31] . Adipose tissue IS is calculated as the inverse of product of glycerol rate of appearance in plasma and fasting plasma insulin concentration [32] .
G. Biochemical Measurements
Plasma glucose was measured with a glucose analyzer (Yellow Springs Instrument Co., Yellow Springs, OH), Insulin levels were measured by electrochemiluminescence immunoassays (Elecsys 2010, Roche Diagnostics, Indianapolis, IN). HbA1c was measured using Tinaquant HbA1c immunoassay from Roche and lipids were measured using the standards of the Centers for Disease Control and Prevention at Labcorps, Inc. Adiponectin and adhesion molecules ICAM-1, VCAM-1, and E-selectin concentrations were quantified using Magpix (Milliplex MAP) immunoassay (EMD Millipore Corporation, Billerica, MA). hs-CRP levels were measured at Esoterix Inc., Calabasas Hills, CA.
H. Statistics
The normality of the distribution of the variables was examined. Statistical analyses were performed using the t test or the Mann-Whitney U nonparametric equivalent for two group comparisons. The nonparametric variables were RHI, BMI z score, HbA1c, ALT, AST, hepatic fat fraction, rate of glucose disposal, and IS. Pearson or Spearman's correlation analyses were used to evaluate bivariate relationships. x 2 test was used for the comparison of categorical variables. Data are presented as mean 6 standard error of the mean. Two-tailed P # 0.05 was considered statistically significant. Power estimates based on the literature [27] indicated that a sample size of 13 subjects per group was needed to detect a 30% difference in mean RHI (standard deviation = 0.25) between groups with vs without NAFLD, with P = 0.8, a = 0.05.
Results
A. Subjects Characteristics
The study population of adolescents with dysglycemia was divided into two groups according to the presence or absence of NAFLD. The two groups had a similar proportion of children with prediabetes and T2DM. The two groups were similar with respect to age, sex, and pubertal stage. They had similar BMI, BMI percentile for age and sex, BMI z score, and percent body fat. They also had similar abdominal adiposity including waist circumference, total, subcutaneous, and visceral abdominal fat. By design, the group with NAFLD had significantly higher hepatic fat content and higher transaminases (ALT and AST; Table 1 ).
B. Endothelial Function and CVD Risk Biomarkers in NAFLD vs Non-NAFLD Subjects
Triglycerides and systolic and diastolic blood pressures were not significantly different between the two groups. Total, LDL and non-HDL cholesterol, circulating inflammatory markers including hs-CRP, ICAM, VCAM, and e-selectin were significantly higher in the NAFLD group (Table 1) . Youth with NAFLD compared with those without NAFLD had lower RHI (P = 0.002) and greater (worse) AIx (P = 0.002) and AIx-75 (P = 0.03; Fig. 1 ). The group differences in RHI (1.4 6 0.06 vs 1.7 6 0.08, P = 0.002) and AIx (-3.9 6 1.4 vs -10.9 6 1.9, P = 0.006) persisted after adjustment of sex. Also, when the prediabetes and T2DM groups were analyzed separately, the NAFLD group continued to have lower RHI (1.40 6 0.07 vs 1.68 6 0.12, P = 0.04) and greater AIx (-2.3 6 2.1 vs -9.6 6 1.3, P = 0.009) than the non-NAFLD group in those with prediabetes, as well as lower RHI (1.42 6 013 vs 1.82 6 0.03, P = 0.03) and greater AIx (-5.2 6 2.0 vs -14.2 6 3.4, P = 0.03) in those with T2DM.
C. Fasting and HEC Metabolic Characteristics of NAFLD vs Non-NAFLD
Fasting glucose and hepatic glucose production were not significantly different between the NAFLD and non-NAFLD groups, whereas glycerol rate of appearance was higher in the NAFLD group (Table 2) . Fasting insulin levels tended to be higher and both hepatic IS and adipose tissue IS were significantly lower in the NAFLD compared with the non-NAFLD group (Table 2) . Peripheral skeletal muscle glucose R d and IS were also significantly lower in the NAFLD vs non-NAFLD groups. The difference in IS persisted after adjusting for sex (data not shown). Glycerol rate of appearance and adipose tissue IS were missing in one subject in the non-NAFLD group (isotope infusion rate error). 
D. Relationship of NAFLD and Insulin Sensitivity Measures to Endothelial and Circulating Biomarkers
Hepatic fat content was positively related to ALT (r = 0.49, P = 0.002) and AST (r = 0.40, P = 0.02) levels, and positively related to total cholesterol (r = 0.53, P = 0.001), LDL cholesterol (r = 0.34, P = 0.04) and non HDL-cholesterol (r = 0.47, P = 0.004), but not with triglycerides (P = 0.1). Hepatic fat content was inversely related to RHI (r = -0.49, P = 0.002), and positively related to AIx (r = 0.45 P = 0.006), AIx-75 (r = 0.34, P = 0.04; Fig. 2 ), and to VCAM-1 (r = 0.45, P = 0.03). ALT and AST were similarly inversely related to RHI (r = -0.45, P = 0.006 and r = -0.46, P = 0.005, respectively) and positively related to AIx-75 (r = 0.44, P = 0.008 and r = 0.37, P = 0.025, respectively) and to hs-CRP (r = 0.40, P = 0.01 and r = 0.33, P = 0.04, respectively).
Among the inflammatory markers, VCAM-1 was inversely related to RHI (r = -0.37, P = 0.046), and positively related to AIx-75 (r = 0.42, P = 0.02). E-selectin was also inversely related to RHI (r = -0.35, P = 0.04).
Hepatic IS and adipose tissue IS were inversely related to AIx-75 (r = -0.42, P = 0.01 and r = -0.54, P = 0.001, respectively), but not to RHI. Peripheral IS did not directly relate to RHI or AIx.
Discussion
In OHAs with dysglycemia (prediabetes and T2DM), the presence of NAFLD is associated with worse endothelial function, a biomarker of subclinical atherosclerosis, as indicated by lower reactive hyperemia index (nitric oxide dependent vascular function), higher augmentation index (a measure of peripheral vascular stiffness) [27, 29] , and higher levels of circulating inflammatory markers. These measures of vascular function were related to the hepatic fat content, independent of total body and visceral adiposity, and other CVD risk markers of glycemia, and blood pressure. These findings support the hypothesis that ectopic fat deposition in the liver may have a detrimental effect on the risk for subclinical atherosclerosis in this high-risk group of youth.
Our findings of worse endothelial function in youth with NAFLD are consistent with reports of increased c-IMT and greater prevalence of carotid plaques in obese adult patients with NAFLD diagnosed via liver biopsy, compared with controls of similar age, sex, and BMI but normal liver ultrasound and liver function tests [33] . In Hispanic adolescents, increased hepatic fat is associated with worse lipoprotein profile [34] . Obese 10-to 12-year-old Italian children with ultrasound diagnosed NAFLD and elevated ALT were found to have impaired flow mediated dilation of the brachial artery compared with obese and normal weight controls independent of other CVD risk factors [35] . On the other hand, an Australian study did not find a relationship between NAFLD (by MRS) and arterial stiffness or c-IMT in severely obese children, primarily of European descent [36] . In 17-year-old adolescents, presence of NAFLD (ultrasound) was found to be associated with increased pulse wave velocity (by applanation tonometry) only in the presence of a cluster of cardiometabolic risk factors and AIx-75 was higher in males but not in females with NAFLD [37] . Our study extends these findings to demonstrate that NAFLD predisposes to greater risk of vascular dysfunction in the setting of dysglycemia in high risk youth with prediabetes and T2DM.
One possible mechanism linking NAFLD to subclinical atherosclerosis is the contribution of NAFLD to insulin resistance. Our youth with dysglycemia and NAFLD have significantly worse multiorgan insulin resistance including peripheral, hepatic and adipose tissue insulin resistance compared with youth without NAFLD, of similar total body and visceral fat. This supports the role of hepatic fat in impairment of glucose and lipid metabolism. This is consistent with findings in adults, where presence of NAFLD and either prediabetes or T2DM was associated with significant hepatic insulin resistance, compared with individuals of similar body composition without NAFLD [5] . Similarly, in another study of adults with T2DM, adipose tissue IS and hepatic tissue IS were lower in those with more severe liver disease [38] . In pediatric studies, obese adolescents with NAFLD had significantly lower peripheral IS with lower [15] or no difference in hepatic IS [39] compared with those without NAFLD. The difference between our findings and those of these two pediatric studies is likely due to different study populations with different ethnic background vs only Hispanic youth in the current study and, a combination of normal glucose tolerance and IGT in the former studies [34] vs uniformly impaired glucose regulation in our study population. Importantly, we found decreased IS at multiple organ level in youth with NAFLD. A direct relationship between skeletal muscle IS and RHI which we previously observed in a group of normal weight and overweight adolescents [29] was not readily apparent in the current study, likely because of less variance in skeletal muscle IS between the two groups of obese youth. However, insulin resistance at the level of the liver and adipose tissue was related to vascular stiffness, a relationship that is mediated by hepatic fat.
Other mediators of atherosclerosis in NAFLD include oxidative stress and the release of proatherogenic factors from the liver (C-reactive protein and other inflammatory cytokines) [1, 40] . Consistent with this, our youth with NAFLD had higher levels of hs-CRP, ICAM, VCAM-1, and e-selectin compared with the non-NAFLD group, and there was a direct relationship between VCAM-1 and e-selectin and endothelial function measures. The lack of a more uniform association between inflammatory markers and vascular measures is not clear. Similarly, others reported no association between hs-CRP and cardiac dysfunction despite significantly higher levels of hs-CRP in NAFLD vs controls [41] . Consistent with other studies, hepatic fat content was associated with serum ALT and AST levels as well as with non-HDL cholesterol levels [3, 42] . The transaminase levels, biomarkers of NASH, had a strong relationship to the functional measures of endothelial function (RHI and AIx-75).
All the subjects in this study were of Hispanic extraction with prediabetes or T2DM, and further studies are needed to demonstrate generalizability of the results. Nevertheless, our results clarify conflicting findings in the literature as to the contribution of NAFLD to CVD risk in individuals with dysglycemia [12, 13] , using direct measures of vascular function and in vivo evaluation of IS at the level of the liver, adipose tissue, and skeletal muscle. There were more males than females in the non NAFLD group, even though the sex distribution difference between the two groups did not reach statistical significance. Adjusting for sex didn't change the difference in vascular measures or IS between the two groups. Larger studies are needed to further explore any possible sex related differences in vascular risk or IS.
In summary, NAFLD and the associated hepatic and adipose tissue insulin resistance are related to the impairment of vascular reactivity and increased vascular stiffness in OHAs with dysglycemia. In the high risk group of Hispanic youth with dysglycemia, the presence of NAFLD is an important risk factor for subclinical atherosclerosis. This supports the importance of surveillance for liver disease in these high risk children, as an indicator of increased risk for early atherogenesis.
